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STRENGTH OF HEADED SHEAR STUDS IN COLD-FORMED STEEL DECK 
John C. Lyons], W. Samuel Easterling2 and Thomas M. Murray3 
SUMMARY 
Results from 57 push-out tests of headed shear studs in cold-formed steel deck are 
presented. The results are compared to predicted strengths using the American Institute 
of Steel Construction Load and Resistance Factor Design Specification. The results 
indicate that the AISC specification does not accurately predict the strength of the shear 
studs placed in steel deck. 
INTRODUCTION 
The welded stud has been the subject of research since the mid-1950's. By the 
early 1970's, the strength of welded headed stud shear connectors in solid slabs was 
reasonably well understood. Stud strength in solid slabs was found to be a function of 
concrete properties and stud dimensions, with an upper limit being a function of the stud 
material properties. 
The use of formed steel deck in composite construction made stud strength 
determination more difficult. In the current AISC specification (Load 1993), a base 
strength is determined assuming the stud is embedded in a solid slab. A strength 
reduction factor is applied to account for the effects associated with the formed metal 
deck. This reduction factor is based upon deck and stud geometry and the number of 
studs in each rib. 
The majority of steel deck used today has an intermediate stiffener in the middle 
of each deck flange. This stiffener has allowed deck rolled from thinner sheet steel to 
bridge greater spans. However, studs must be welded off-center in the deck rib, away 
from this stiffener. Recent studies have shown that shear studs behave dIfferently 
depending upon their location within the deck rib (Easterling et. al. 1993). The so-called 
"weak" and "strong" positions are illustrated in Fig. 1. The current AISC specifications 
do not account for stud location within the deck rib. 
Weak position studs provide less shear resistance than strong position studs 
because studs in the weak position typically fail by rib-punching. In rib punching, the 
concrete near the base of the stud is crushed while the adjoining deck first bulges, then 
tears. It appears that for this failure mode, the strength of the steel deck itself affects 
shear capacity. 
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Fig. 1. Weak and Strong Position Studs 
To investigate the behavior of headed stud shear connectors in metal deck with an 
intermediate stiffener in the bottom flange, 57 push-out tests were conducted and are 
reported herein. For each parameter studied, a series of three identical specimens was 
fabricated and tested, although in some instances tests within a series were not usable and 
are thus not reported. 
The push-out test matrix is shown in Table I. Series 1-8 were used to study the 
effect of stud height on the behavior of single, strong position studs. Both 2 in. and 3 in. 
deep decks were used. Series 9-15 were used to investigate the effect of staggered studs. 
Series 16" 19 were used to study the effect of stud height on pairs of strong position studs. 
In these tests only 2 in. deep deck was used. 
Series 20-23 were used to study the effect of deck strength on the strength of 
weak position studs. For these tests 3.5 in. high studs were used with 2 in. deep deck. 
Because most deck steels possess similar material properties, varying deck strength is 
obtained by using different gauges of deck. 
Series 24-26 were repeats of series 9, II and 12. Weld failures and testing 
problems unique to staggered stud tests necessitated the duplication of the earlier tests. 
Series 27-29 have the same parameters as series 16-18. Series 16-18 were 
repeated because of weld failures. 
TEST SETUP AND PROCEDURE 
The push-out test specimens were fabricated and conducted similar to those used 
by Ollgaard, et al (1971). Two differences should be noted between the 1971 specimens 
and the specimens used in this study. First, single stud groupings were used in this study 
as opposed to the two stud groupings used in the 1971 study. Second, the specimen slabs 
in this study were cast horizontally whereas the specimens slabs in the 1971 study were 
cast vertically (upright). Horizontal casting results in less aggregate segregation and 
reduced risk of voids. 
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Push-out specimens were cast in two halves as illustrated in Fig. 2. First, a 44in. 
long WT6x17.5 was placed in a specially made welding "jig". The jig was used to 
maintain spacing and straightness during welding. Next a form was constructed using a 
36 in.x 36 in. sheet of steel deck and 6 in. high pour stop. All specimens had the steel 
deck ribs oriented perpendicular to the direction of loading. The steel deck was placed 
on the jig, on top of the tee flange. Studs were welded through the deck, onto the tee 
flange. 
TABLE 1. STEEL OECK TEST MATRIX 
. Stud Oeck Height Stud Height Oeck 
Series Tests Position (in) (in) Gauge 
1 01,02,03 S 2 3.5 22 
2 04,05,06 S 2 4 22 
3 07,08,09 S 2 4.5 22 
4 010,011,012 S 2 5 22 
5 013,014,015 S 2 5.5 22 
6 052,053,054 S 3 4.5 20 
7 055,056,057 S 3 5 20 
8 058,059,060 S 3 5.5 20 
9 016,017,018 STAG 2 3.5 22 
10 019,020,021 STAG 2 4 22 
11 022,023,024 STAG 2 4.5 22 
12 025,026,027 STAG 2 5 22 
13 076,077,078 STAG 3 4.5 20 
14 064,065,066 STAG 3 5 20 
15 067,068,069 STAG 3 5.5 20 
16 028,029,030 2S 2 3.5 22 
17 031,032,033 2S 2 4 22 
18 034,035,036 2S 2 4.5 22 
19 037,038,039 2S 2 5 22 
20 040,041,042 W 2 3.5 22 
21 043,044,045 W 2 3.5 20 
22 046,047,048 W 2 3.5 18 
23 049,050,051 W 2 3.5 16 
24 061,062,063 STAG 2 3.5 22 
25 079,080,081 STAG 2 4.5 22 
26 070,071,072 STAG 2 5 22 
27 073,074,075 2S 2 3.5 22 
28 082,083,084 2S 2 4 22 
29 085,086,087 2S 2 4.5 22 
Note: on all tests, 5 3/4" slab depth, 3/4" diameter studs 
normal weight concrete with target strength of 3500 psi. 
applied normal load 10% of axial 
S = single stud in strong position 
W = single stud in weak position 
2S = pair of studs in strong position 
STAG = staggered studs, one weak, one strong 
SIDE VIEW 
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Fig. 2 Push-out Specimen Detail 
Welded wire fabric reinforcing (WWF6x6-W1.4xW1.4) was placed in the form, 
directly on top of the steel deck. After concrete was placed in the forms, it was vibrated, 
screeded, floated and cured. Once cured, the pour stop was removed from the edges of 
the slabs, leaving the steel deck in place. Identical specimen halves were bolted together 
to form each specimen. 
The test set-up is shown in Fig. 3. The specimen was lowered on to two 40in. x 
lOin. x lin. elastomeric bearing pads. The elastomeric bearing pads served to evenly 
transmit load between the specimen and the floor. An I lin. x 7in. x 1I2in. loading plate 
was placed on top of the tee ends. This loading plate rested upon the tee fillets, just 
below the tee flanges. When the axial load was applied to the center of the loading plate, 
equal loads were transmitted to each tee. The axial load was generated by a hydraulic 
ram, suspended from a loading frame which transferred the load to the reaction floor. 
The axial load was measured using a load cell located between the hydraulic ram and the 
loading frame. 
407 
Fig. 3. Push-out Test Set-up 
"Slip" refers to the movement of the tee flange relative to the concrete slab at the 
location of a shear connector. Slip was measured using linear potentiometers. To mount 
these potentiometers, light angles were fitted between the tees of the two specimen 
halves. Potentiometers were clamped to these angles. The potentiometer ends were 
secured to nails set into the concrete slab, through holes in the steel deck, across from 
each stud location. Details of the load vs. slip behavior are not reported here but are 
available (Lyons, et al 1994). 
A normal load apparatus was developed in a previous study by Sublett et aI. 
(1992) and was used in this study to more accurately simulate the behavior of shear 
connectors in a composite beam. The normal load prevented the slab from "peeling-
away" from the deck prematurely and more closely modeled conditions in an actual floor. 
The normal load was generated by a hydraulic ram and monitored using a load 
cell. This load was transmitted to the other side of the specimen by an outer yoke. The 
load was distributed to the specimen through beams placed along the axis of the 
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specimen. The apparatus was positioned so that it did not bear on the reaction floor. The 
applied normal load was 10% of the applied axial load. 
All tests were loaded in a similar manner. The first axial load increment for each 
test was 10 kips. Afterwards, axial load was increased in 5 kip increments. Once 
significant slipping had occurred (~0.01 in.), the axial load ram was advanced to obtain 
fixed increases in slip, not load. The axial load ram was advanced in this fashion until 
failure of the shear connectors had occurred. 
COMPARISON OF TEST RESULTS WITH AISC SPECIFICATION PROVISIONS 
Test results are presented in both graphical and tabular form. In both cases, 
comparisons are made to the AISC predicted strengths. 
Trends in the experimental results may be better understood if the different 
observed failure modes are first reviewed. The various failure modes are briefly 
described in the following paragraphs. 
Stud Shearing: The stud shears at its base, directly above the weld collar. The 
failure surface is flat and relatively smooth, consistent with shear related failure. 
Stud Rupture: The stud ruptures at its base, directly above the weld collar. The 
failure surface is sharp and angular, consistent with a tensile related failure. 
Concrete Pull-Out: The stud group, rotating at its base, breaks away from the 
concrete slab, carrying away a wedge shaped section of concrete. 
Rib Punching: A stud located near the edge of the deck rib (weak position) easily 
crushes the small portion of concrete near its base, causing the steel deck to first bulge, 
then tear. 
Rib Cracking: The prying action of the stud group is sufficient to cause 
transverse cracks above and below the deck rib. Prying loose of the entire rib leads to 
disintegration of the concrete slab and the termination of the test. 
Slab Splitting: A precursor to stud shearing. (In some early tests using single 
strong position studs, splitting cracks were observed in the concrete slabs after the peak 
load had been reached. This was mistakenly thought to be a distinct failure mode. 
Subsequent tests, carried to greater slips, exhibited similar cracks and ultimately failed by 
stud shearing. It can be assumed that all tests listed as slab splitting failures, 'can actually 
be characterized by stud shearing.) 
Tee Rotation: The test strength is limited by the flexibility of the base member, 
which in this study was a structural tee. (In early tests using connectors in the top rib 
only, the tees would tend to rotate sideways about the shear studs upon loading. Data 
was reported if tee rotation began in late stages of the test, after maximum load was 
obtained. The characteristic failure mode can be inferred from comparisons with similar 
tests.) 
Comparison of the test results to the current AISC LRFD Specification provisions 
are made below. For reference, the provisions follow. The strength of a stud in a solid 
slab is given by: 
(Eq. 1) 
with restrictions: w::::90pcf 
ds ~ 0.7Sin. 
Hs / ds :::: 4 
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ds ~ 2.5t f except when above web 
longitudinal spacing:::: 6ds 
transverse spacing:::: 4ds 
The reduction factor for stud strength due to the presence of steel deck, oriented 
perpendicular is given by: 
with restrictions: hR ~ 3in 
wR ::::2in 
(Hs - hR):::: l.5in 
(Ds - hR) :::: 2in 
Hs ~ (hR + 3in) in computations 
N R ~ 3 in computations 
spacing any direction:::: 4ds 
The nominal design strength is then given by: 
(Eq.2.) 
(Eq.3) 
The strength reduction factor, SRF, was developed by Grant et al. (1977) and was 
based primarily on 17 full-scale beam tests. In that program, most beams used pairs of 
studs in the center of the deck rib with 1-112 in. embedment above the deck rib. Most of 
these connections failed by concrete pull-out, the rest by rib shear. For this reason, the 
AISC equations can be thought of as concrete pull-out equations. The solid slab strength 
serves as a rough measure of concrete shear strength, while the SRF serves to 
approximate the affect of steel deck geometry on pull-out area. 
Predicted vs. actual strengths for all push-out tests are shown in Fig. 4 and given 
in Table 1. The predicted test strengths are calculated using Eqs. 1-3 and the measured 
material properties. A statistical summary of the data is given in Table 2. It can be seen 
that in no case was the measured strength greater than the predicted strength. Weak 
position studs were the least conservative, some having measured strengths nearly half of 
that predicted. The tests whose performance most nearly matched predicted values were 
those using two staggered studs with 1-112 in. embedment above 3 in. high deck. This 
was because these tests most closely matched the tests in the 1977 study. 
The calculated strength reduction factor (SRF) for most specimens tested in this 
study was 1.0. The comparisons with test results indicate that the SRF formula does not 
accurately represent the strength of shear studs in steel deck. While a combination of 
factors is likely contributing to the discrepancy, three particular items are thought to be 
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significant. These are the influence of the number of studs in a rib, the embedment length 
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Fig. 4. Ratio of Measured to Predicted Strength as Function of Concrete Strength 
Table 1. Push-out Test Results 
Concrete Qa QSOL AISC Q. Ratio Failure 
Series Test Strength (kips) (kips) SRF (kips) Q,/Q, Mode 
(psi) 
I D2 4560 21.91 30.19 1.0 29.41** 0.745 CP 
D3 4560 18.08 30.19 1.0 29.41 ** 0.615 CP 
2 D6 4560 20.73 30.19 1.0 29.41** 0.705 SS 
3 D7 4560 21.18 30.19 1.0 29.41** 0.720 SP 
D8 4560 20.37 30.19 1.0 29.41** 0.693 SP 
D9 4560 21.46 30.19 1.0 29.41** 0.730 SS 
4 D10 4560 20.62 30.19 1.0 28.74** 0.717 SP 
D11 4560 21.02 30.19 1.0 28.74** 0.731 SP 
Dl2 4560 21.97 30.19 1.0 28.74** 0.764 SS 
5 D13 4560 19.84 30.19 1.0 28.69** 0.692 SS 
Dl4 4560 20.14 30.19 1.0 28.69** 0.702 SP 
Dl5 4560 21.45 30.19 1.0 28.69** 0.748 SS 
6 D52 3360 17.39 23.77 0.85 20.20* 0.861 CP 
D54 3360 18.35 23.77 0.85 20.20* 0.908 CP 
7 D55 3360 18.24 23.77 1.0 23.77* 0.767 CP 
D56 3360 15.49 23.77 1.0 23.77* 0.652 CP 
8 D58 3360 18.67 23.77 1.0 23.77* 0.785 SS 
D59 3360 19.60 23.77 1.0 23.77* 0.824 SS 
10 Dl9 3240 15.49 23.40 1.0 23.40* 0.662 RP/TR 
D20 3240 15.28 23.40 1.0 23.40* 0.653 RPISS 
11 D23 3240 15.35 23.40 1.0 23.40* 0.656 RPISS 
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Table 1. Push-out Test Results (cont.) 
Concrete Q a QSOL AISCQ" Ratio Failure 
Series Test Strength (kips) (kips) SRF (kips) 0, IOn Mode 
(psi) 
12 026 3240 15.08 23.40 1.0 23.40* 0.644 RP/TR 
13 076 3650 13.34 25.37 0.60 15.22* 0.875 CP 
077 3650 14.95 25.37 0.60 15.22* 0.981 CP 
078 3650 14.50 25.37 0.60 15.22* 0.951 CP 
14 064 2670 13.70 20.13 0.80 16.10* 0.849 CP 
065 2670 14.12 20.13 0.80 16.10* 0.875 CP 
066 2670 12.51 20.13 0.80 16.10* 0.776 CP 
15 067 2670 14.02 20.13 1.0 20.13* 0.697 RC/SR 
068 2670 14.96 20.13 1.0 20.13* 0.743 RC 
069 2670 14.94 20.13 1.0 20.13* 0.742 RC 
16 028 3520 15.5 24.64 1.0 24.64* 0.629 TR 
17 033 3520 18.30 24.64 1.0 24.64* 0.743 CP 
18 034 3520 17.86 24.64 1.0 24.64* 0.725 SS 
19 037 3520 16.52 24.64 1.0 24.64* 0.670 SS 
20 040 2720 11.15 20.39 1.0 20.39* 0.547 RP 
041 2720 10.96 20.39 1.0 20.39* 0.538 RP 
042 2720 12.46 20.39 1.0 20.39* 0.611 RP/SR 
21 043 2720 11.56 20.39 1.0 20.39* 0.567 RP/SR 
044 2720 12.79 20.39 1.0 20.39* 0.627 RP 
045 2720 13.66 20.39 1.0 20.39* 0.670 RP 
22 047 2720 14.80 20.39 1.0 20.39* 0.726 RP/SR 
048 2720 13.62 20.39 1.0 20.39* 0.668 RP 
23 049 2720 15.06 20.39 1.0 20.39* 0.738 RP 
24 062 3360 15.32 23.77 1.0 23.77* 0.644 RP/SS 
063 3360 14.81 23.77 1.0 23.77* 0.623 RP/SS 
25 079 3650 16.16 25.37 1.0 25.37* 0.637 RP/SS 
081 3650 17.10 25.37 1.0 25.37* 0.674 RP/SS 
26 071 2670 15.21 20.13 1.0 20.13* 0.756 RP/SS 
072 2670 13.56 20.13 1.0 20.13* 0.674 RP/SS 
27 073 2670 15.79 20.13 1.0 20.13* 0.785 CP 
074 2670 14.99 20.13 1.0 20.13* 0.745 CP 
075 2670 15.61 20.13 1.0 20.13* 0.776 CP 
28 082 3650 16.92 25.37 1.0 25.37* 0.667 CP 
083 3650 19.42 25.37 1.0 25.37' 0.766 CP 
29 086 3650 20.92 25.37 1.0 25.37' 0.825 RC 
087 3650 20.67 25.37 1.0 25.37' 0.815 RC 
CP = Concrete Pull-Out *=SRF x O.5Asc~(Ec 
RC = Rib Cracking * * = I.OAscFu 
RP = Rib Punching QN = SRF X Q SOL ~ 1.OAscFu 
SP = Slab Splitting 
SR = Stud Rupture 
SS = Stud Shearing 
TR = Tee Rotation 
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Table 2. Test Results Statistics 
Minimum Maximum Arithmetic Standard Coefficient 
Test/Predicted Test/Predicted Mean (%) Deviation(% ) of 
Ratio (%) Ratio (%) V ariation(%) 
Strong 61 91 74 6.9 9.3 
Weak 54 75 63 7.0 11.0 
2Strong 63 82 74 6.0 8.1 
Staggered 62 98 74 10.9 14.7 
All of the tests conducted in this study had only one stud in a given rib. Because 
the shear studs in the beam tests in the 1977 study (Grant, et aI1977) were predominantly 
placed in pairs, i.e. two studs in a rib, the resulting empirical expression for the SRF 
reflected this arrangement. It is believed that the parameter Nr in the SRF formula does 
not accurately reflect the strength of one stud in a rib. 
Embedment length was not a parameter that was varied in the 1977 study but was 
included in the strength reduction factor after observing trends in another test program 
(Henderson 1976). However, the influence of the embedment length for single studs is 
unclear because all of Henderson's tests had the studs placed in pairs. 
Weak position studs, which are also believed to be insensitive to embedment 
length, exhibited rib punching. This behavior was not observed for the strong position 
tests. The observation of rib punching led to the idea that the steel deck thickness may be 
an influential parameter for weak position shear studs. As indicated by the results in 
Table 1, there is a trend of increasing strength with increasing steel deck thickness 
(gauge). The weak position tests, as indicated in Table 2 showed the worst correlation 
with predicted values. The influence of stud position, and indirectly steel deck thickness, 
is not reflected in the SRF expression. 
CONCLUSIONS 
Current AISC LRFD Specification provisions do not accurately predict the 
strength of headed shear studs in steel deck. The current strength reduction factor, SRF, 
_used in the AISC specification is acceptable in predicting concrete pull-out strengths 
when pairs of studs with small embedment lengths (~1-1I2 in.) are used with metal deck 
having a width-to-height ratio of 1.5 to 2. This SRF does not predict the strength of 
single stud concrete pull-out well, nor does it account for other failure modes associated 
with the use of metal deck. 
Increasing the strength of steel deck increases the strength of weak position stud 
cOlmections. However, the difference between weak and strong position shear studs, and 
therefore the influence of the deck thickness on the weak position strengths, is not 
reflected in the SRF. 
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Different types of connections are characterized by different failure modes. These 
include stud shearing, concrete pull-out, rib cracking and rib punching. For cOIDlection 
strength to be predicted, each applicable failure mode must be checked separately. 
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Appendix.--Notation 
Asc cross-sectional area of shear connector 
ds shear stud diameter 
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Ec modulus of elasticity of concrete 
( concrete compressive strength 
Fu tensile strength of shear stud 
hR nominal rib height 
Hs length of shear stud after welding 
N R number of shear stud connectors in one rib at a beam intersection 
Q a measured strength of shear connection 
QN nominal strength of a shear connection 
QSOL ultimate strength of a stud embedded in a solid slab 
tf flange thickness 
SRF strength reduction factor 
w unit weight of concrete 
wr average width of steel deck rib 
